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REXIEW OF THE EFFECT OF DISTRIBUTED SURFACE ROUGHNESS 

ON BOUNDAl3Y -LAYEX TRANSITION 

By Albert L. Braslow* 

Langley Research Center 

SUMMARY 

Presented in this paper is a discussion of the transition phenomena 
associated with distributed roughness, a correlation of three-dimensional 
rough-ess effects at both subsonic and supersonic speeds, and the effect 
of laminar boundary-layer stability as influenced by heat transfer, pres- 
sure gradients, and boundary-iayer control on the sensitivity of laminar 
flow to distributed roughness. 
transition-triggering mechanism of three-dimensional-tye surface rough- 
ness appears to be the same at supersonic and subsonic speeds. In either 
case, a Reynolds number based on the height of the roughness and the 
local flow conditions at the top of the roughness can be used to pre- 
dict with reasonable accuracy the height of three-dirsensioml roughess 
required to cause premature transition. Neither the three-dimensional 
roughness Reynolds number nor the lateral spread of turbulence behind 
the roughness is changed to any important extent by increasing the 
laminar boundary-layer stability to theoretically small disturbances. 
Therefore, for a given stream Mach number and Reynolds number, surface 
cooling, boundary-layer suction, or a fmorable gressure gradient will, 
in the presence of three-dimensional rougkqess, promo-ce rather t h m  
delay transition. 

The results presented indicate that the 

7N;IRODUCTION 

Sufficient experimental information has been accumulated to indicate 
that boundary-layer turbulence always starts from point-like turbulent . 
spots which grow in size with downstreaa movement and finally merge to 
form a continuously turbulent region. Although this appears to be so 
regardless of the type of initial disturbance present, the most upstream 
location of the continuously turbulent flow depends upon the type and 
magnitude of the initial disturbance such as stream turbulence level or 
surface protuberances. This paper will deal with the effects on 
boundary-layer transition of discrete particles of roughness, that is, 
particles of a three-dimensional nature such as sand grains or rivets or 
spattered bugs. Two-dimensional roughness such as spanwise ridges will 
be discussed only to compare the transition phenomena with the three- 
dimensional roughness case. 

* Aeronautical Research Engineer. 
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SYMBOIS 

width or diameter of roughness particle 

height of roughness particle 

Mach nmiber 

Reynolds number based on free-stream conditions 

Reynolds number based on roughness height and local f l o w  condi- 

"kk tions at top of roughness, - 
'k 

local streamwise component of velocity in boundary layer 

coefficient of kinematic viscosity 

Sub scripts : 

k conditions at top of roughness particle 

0 local conditions outside boundary layer 

t conditions 6.t which turbulent spots appear 

W conditions at wall 

m conditions in undisturbed free stream 

DISCUSSION 

It has been found that, for discrete particles of roughness, a crit- 
ical size exists below which the roughness has no -influence on the natural 
transition and above which the roughness causes premature transition. 
This is shown in the first figure by means of several observations of 
the variation of the styeamwise boundary-layer velocity fluctdations 
with time. These measirrements were made with the use of a hot-wire ane- 
mometer on a loo included angle coce at a Mach number of 2.01. 
vertical location of a trace indicates the corresponding Repolds number 
per foot of the stream. 
a Reynolds number range for a smooth cone. 
completely laminar flow. 

The 

The left group of traces was obtained through 
The bottom trace indicates 

The next higher indicates occasional Sursts of 



turbulent flow. 
the time, and the top one, fully turbulent flow. A l l  t races  were made 
with the  hot w i r e  at the same location. This change i n  the  character of 
the boundary layer  with changes i n  Reynolds number is  consistent with 
the Schubauer-Klebanoff description of the or igin of turbulence at  sub- 
sonlc speeds ( r e f .  11, t h a t  is, it i s  consistent with the concept of 
t rans i t ion  beginning as turbulent spots t h a t  start i n  the  v i c in i ty  of 
the roughness and grow a s  they move downstream. Shadowgraphs taken at  
the Ames Research Center of NASA (ref.  2) ver i fy  the existence of t u r -  
bulent spots at  supersonic speeds. 

The next higher indicates  laminar flow a small pa r t  of 

On the upper r igh t  par t  of t he  figure are shown hot-wire t r aces  
taken behind sone granular roughness on the  cone. 
0.003 inch high but had no ef fec t  on the natural  t r m s i t i c n  as seen by 
the f ac t  t ha t  the turbulence was i n i t i a t e d  a t  the same value of stream 
uni t  Reynolds nuniber. 
the figure,  taken behind a larger s l z e  roqhness ,  show a lazge reductidn 
i n  stream uni t  Reynolds number fo r  the  i n i t i a t i o n  of turbulence. This 
comparison c lear ly  indicates that a c r i t i c &  s i ze  of Ynis three-dimensional 
roughness does ex is t .  Other hot-wire measurements have a l so  shown t'nat 
fo r  three-dimensional roughness only s l i gh t ly  smaller then the  c r i t i c a l  
s ize ,  the l eve l  of the velocity f luctuat ions i n  the laminar layer  a t  
appreciable distances downstrem of the roughness was as ~ O V  as t h a t  
measurea w i t h  a smooth surface ( r e f .  3 ) .  
stream movement of the t rans i t ion  region occic~s a t  speeds below the 
c r i t i c a l  speed of the roughness. 

This roughness was 

In  contrast ,  the  t races  on the lower r igh t  p a r t  of 

It appears then t L a t  no up- 

From measurements of the type shown i n  f igure 1, it seems l i k e l y  
tha t  f o r  three-dimensional roughness, t r ans i t i on  resxlt;s from formation 
of discrete  eddies or disturbances or iginat ing at the  roughness pa r t i c l e s .  
We should then be abl.e t o  r e l a t e  the  occurrence of +,hese disturbances t o  
the loca l  flow conditions at the  roughness. 
sonic speeds on the  basis of a c r i t i c a l  roughness Reynolds number formed 
with the height of the roughness and the  loca l  flow conditions a t  the 
top of the pa r t i c l e  when the  p a r t i c l e  began t o  introdme turbulent spots 
i n to  the boundary layer .  The square root of t h i s  c r i t i c a l  roughness 
Reynolds number i s  equal t d  a correlat ion Reynolds number o r i g i n a l 9  
proposed by Schi l le r  on the basis  of the r0uPhneXe-d the f r i c -  
t i on  velocity- 

This has been done at  sub- 

. 
I__.- 

Numerous data  points f rom several  low-speed investigations of three- 
dimensional roughness par t ic les  a re  presented i n  f igure  2 i n  the form of 
the sqaese root of the roughness Reynolds number fo r  t r ans i t i on  p lo t t ed  
against the r a t i o  of the pa r t i c l e  width or  diameter t o  the pa r t i c l e  
height. These data cover a wide range of pa r t i c l e  shape, dis t r ibut ion,  
number, height, distance from model leading edge, and degree of boundary- 
layer  s t a b i l i t y  as affected by pressure gradient and boundnry-layer con- 
t r o l .  Included are cylindrical  roughness pa r t i c l e s  i n  a s m a l l  favorable 
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pressure gradient, cy l indr ica l  pa r t i c l e s  with the  boundary layer  s tab i l ized  
by area suction, cylinders i n  a zero pressure gradient, conical pa r t i c l e s  
i n  a small favorable pressure gradient, spheres i n  a zero pressure gra- 
dient ,  and angular pa r t i c l e s ,  spherical  pa r t i c l e s ,  and surface c ra t e r s  
with ra i sed  edges around the  rim, all i n  a strong favorable pressure 
gradient.  Because of the considerable overlapping of the  large number 
of points  available,  many of them have not been plot ted but a re  l i s t e d  
i n  the  t ab le  a t  the  top of t he  f igure.  The range of values of {G- 
covered by each group of additional 2oints is  shown and the arrowheads 
indicate  the corresponding values of Some of the scatter i n  the 
measured values of t h e  c r i t i c a l  roughness Reynolds number parameter i s  
due t o  differences i n  experimental methods of obtaining the indications 
of t he  i n i t i a t i o n  of turbulence. Nevertheless, i n  s p i t e  of the large 
differences i n  roughness configuration and experimental technique, the 

values of aRk,t f o r  a given value of d/k are seen t o  vary only within 

a fac tor  of about 2. For roughness within the  l inear  portion of the 
boundary-layer veloci ty  dis t r ibut ion,  ict is  proporticnal t o  the 

c r i t i c a l  projection height. This correlation, therefore,  car! be used t G  
indicate  within the  same accuracy the  magnitude of a submerged three- 
dimensional type of roughness necessary t o  cause premture t rans i t ion .  
For roughness heights equal t o  o r  greater  than the  totelboundary-layer 
thickness, there  are some data  tha t  indlcate sonewhat la rger  vali;es of 
t he  c r i t i c a l  roughness Reynolds nmber ( r e f s .  3 and 4) .  
noted, however, t h a t  fo r  these heights, the condition of flow s imi la r i ty  
about the pa r t i c l e s ,  upon which the  concept of a c r i t i c a l  roughness 
Reynolds number i s  based, is not s a t i s f i ed .  

d/k. 

It should be 

The variety of shapes presented i n  f igure 2 i s  seen t o  forrn some 
systematic veria+,ion of ( R k , t  w i t h  d/k, a decreasing value of %he 

roughness parameter with increasing d/k. This i s  reasonable inasmuch 
as projections with large values o f  d/k a re  approaching protuberances 
of a two-dimensional nature, and the  laminar boundary layer has been 
found t o  be more sens i t ive  t o  two-dimensional than t o  three-dimensional 
disturbances. 

If a greater  .degree of accuracy i s  desired f o r  par t icu lar  applica-, 
t i ons  than t h a t  provided by the order of magnitude correlat ion of f i g -  
ure  2, more information i s  required on the secondary e f f ec t s  of such 
fac tors  as pa r t i c l e  shape and dis t r ibut ion.  
e f f ec t  of d i s t r ibu t ion  of cylindrical  pa r t i c l e s  has been obtained by 
Cowled (ref.  11) and Carmichael ( r e f .  12).  
spacing is  shown i n  f igure 3 i n  t he  form of the r a t i o  of c r i t i c a l  rough- 
ness Reynolds number f o r  a pa i r  of projections t o  the c r i t i c a l  roughness 
Reynolds number for a single  projection plot ted against the r a t i o  of 
spanwise projection spacing t o  the cylinder dianieter. 
t h a t  a spanwise spacing of projections equal t o  3 times the projection 

Some indication of the 

The e f f ec t  of spanwise 

Cowled kad shown 
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diameter had no effect on the critical. roughness height as compared with 
a single projection. 
effect at the large spacing. These data, however, show that f o r  a closer 
spanwise spacing, the height of the critical roughness decreases. Such 
a result would be expected because the closer spacing corresponds to more 
of a two-dimensional-type obstacle to the flow and, as was shown in the 
previous figure, the critical roughness Reynolds number is lower for two- 
dimensional than for three-dioensional roughness. Figure 4, which pre- 
sents the effect of streamwise spacing as obtained by Camichael (ref. 12), 
indicates that for close streamwise spacing, the critical roughness height 
increases somewhat. This probably results from a tendency of the rearward 
particle to delay the formation of eddies.around the first particle. 

Carmichael's results presented here also show no 

Now let us consider the problem or" the correlation of transition 
induced by three-dimensional roughness at supersonic speeds. 
sonic speeds, we not only have a variation cf velocity through the bound- 
ary layer but also a variation of kinematic viscosity due to the tenper- 
ature distribution. For this condition, severzl methods for carrelating 
the roughness-induced transition have been suggeszed but ve have elected 
to try a roughness Reynolds nmber siuil&- to the one ilsed at subsonic 
speeds. In order to reduce the effect of Mach nuber on the roughness 
Reynolds rmber, local values of density a d  viscosity at %ha t o p  of the 
particle were used as well as the velocity at the pmcicle height. 
should Kention that. these valdes are for the conditions in the boundary 
layer without the particle present. 
Research Center (ref. 13) and by Dr. van Driest at the  J e t  Propulsion 
Laboratory (ref. 14) are presented in figure 3 in the form of +,he \G 
plotted against surface Mach number. The square rcot of the critical 
roughness Reynolds number was again chosen because it is more nearly pro- 
portioiialto the crltical projection height than is 
supersonic speeds, the expcnent of Rk,t for linearity with k is even 
smaller than 1/2. 
be less than indicated in this figure. The cil-cle symbols are for spher- 
ical roughness particles on a flat plate, the squares for granular parti- 
cles on a cone, and the diamonds for spherical particles on a cone. COP 
posison of these results with the low-speed data of figure 2 indice-tes 
that about the same value of critical roughness Reynolds nmber can be 
used, for practical purposes, to predict the initiation of turbulence at 
least up to a Mach number of about 4. 
nificant inasmuch as it indicates <hat for surface temperatu-es near 
adiabatic-wall values, the roughness height required to cause transition 
is greater at supersonic than at subsonic speeds because of the boundary- 
layer thickening effect of Mach number in supersonic flow. 
experimental information on the critical roughness Reynolds number at 
higher supersonic and hyperkonic speeds is required. 

At super- 

I 

Results obtained at the  Langley 

Rk,t, although at 

The spread in critical roughness height, then, would 
8 

This result is partinularly sig- 

Additional 
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The possible e f f ec t s  of laminar boundary-layer s t a b i l i t y  on the  

c r i t i c a l  roughness s i ze  are  next considered. 
cooling, boundary-layer suction, and favorable pressure gradients have a 
s t ab i l i z ing  e f fec t  on the  laminar  layer fo r  s m a l l  disturbances. 
s tab le  laminar layer,  these small disturbances damp out as they move 
downstream and the extent of laminar flow over a smooth surface can be 
greater  than f o r  the unstable case. (The effectiveness of cooling and 
of continuous suction i s  shown i n  references 15 t o  18, and 19, respec- 
t i ve ly . )  I n  f i v e  6 a re  presented addi t ional  hot-wire t races  behind 
three-dimensional roughness elements of f i n i t e  s ize .  The measurements 
were made on a 10' cone f o r  aMach number of 2.01 and are representative 
of similar measurements made a t  a Nach number of 4.21. The l e f t  group 
of t races  was made w i t h  the model surface a t  equilibrium tenperature and 
the r igh t  group fo r  the same surface roughness but with the model cooled. 
The wall-temperature d is t r ibu t ion  f o r  the cooled model is shown i n  the 
upper rlght-ha12-l comer.  The w a l l  texzperatme vnried from almost otagna- 
t i o n  near the cone apex t o  about -70' F ahead of the roughness. 

We know tha t  boundary-layer 
A 

I n  a 

It i s  c lear ly  demonstrated that f o r  the stream uni t  Eieynolds nmiber 
a t  whi.ch the roughness w a s  jus t  c r i t i c a l ,  t h a t  is, when twkuient  spots 
began t o  q p e a r  w i t h  the surface a% e q u i l i b r i w  tenperature, cooling the 
cone surface resul ted In  a completely turbulent boundary ?.Eyer. 
for the  cooled condition, it was necessary t o  decrease appreciably the 
stream u n i t  Reynolds nuaber in  order t o  re turn  the boundary layer t o  the  
laminar condition. Associated with 'the surface cooling f o r  given values 
of roughness s ize  and location and s t r e a ?  Reynolds riuxber and Mach number 
i s  an increase ir, the actual  roughness Reynolds nwber 
is caused by, first,  an increase i n  veloci ty  at the t o p  of the pa r t i c l e  
due t o  a thixming of the boundvy layer  .and due t o  an increase i n  con- 
vexity of the veloci ty  prof i le  End, second, an increese i n  loca l  density 
and a decrease i n  loca l  viscosity due to the lowered bou.nGary-layer tem- 
perature. 
ness Reynolds number indicates t h a t  the c r i t i c a l  value of roughness 
Reynolds number was not increased t o  any important extent by the theo- 
r e t i c a l  increase i n  laminar boundary-layer s t a b i l i t y  resul t ing from the 
surface cooli:ig. T h i s  conclusion i s  ver i f ied  by referr ing t o  f igare  5 .  
Ci.cse agremient i s  seen between the f i l l e d - i n  square symbols, which repre- 
sent values of the roughness parameter f- f o r  the cooled cone, and 
the  open sqJare sycbols,  which represent values for  the cone a'; recovery 
te rqera tz rc .  These values are also i n  clase agreement with the Low-speed 
ciaf,a of figlire 2 where iricrc3asE- latzinar s t a b i l i t y  w a s  obtained e i ther  by 
continuoil; suztion o r  by a nighly ftLrroraSle pressure gradient. For t h i s  
large var ie ty  of ccn3itions, an increase i n  lm-inar boundary-layer sta- 
b i l i i y  ha6 very l i t - ' l e  effect  on t h e  roughness Reynolds number parameter 
f o r  t rans i t ion .  

4 

I n  f ac t ,  . 

Rk.  T h i s  increase 

The f ac t  t ha t  t r ans i t i on  resul ted from t h i s  increase i n  rough- 



It should be noted, however, that for two-dimensional roughness such 
as spanwise ridges or grooves, laminar stability can have a beneficial 
effect on the allowable roughness. Recent evidence of this can be found 
in an I.A.S. paper by van Driest and Boison (ref. 18) for the laminar 
layer made stable by means of surface cooling and, secondly, from some 
tests of spanwise wires on a large sphere where an increase in stability 
resulted from the favorable pressure gradient (ref. LO). The difference 
in the effect of laminar boundary-lrtyer stability on the initiation of 
turbulence caused by two- or three-dimensional-type roughness is associ- 
ated with a basic difference in the triggering mechanism of turbulence 
f o r  the two types of roughness. 
for the three-dimensional roughness, the turbulent spots are initiated 
at the roughness when the local Reynolds number becomes critical. For 
two-dimensional roughness, turbulent spots are first noted at a rearward 
position with no turbulence forward and a further increase in Reynolds 
nmber is required to move the transition gradually forward (e.g., 
ref. 20). The distlwbanzes prodmed by the two-dimensional rougb-ess, 
therefore, appear to be of the TolL-ein-Schlichting t n e  and are  subject 
to amplification theories during their movement downstream. 
three-dimensional roughness, however, the turbulent spots appear to be 
initiated directly at the roughness and there is no room for the sta- 
bility arguments to apply. 

Hot-wire measurements have shown that, 

For the 

It should be worthwhile at this point to focus attention on the 
interval in roughness Reynolds number between the value at which tur- 
bulent bursts are first initiated In the boundary layer and that at which 
a fully developed turbulent boundary layer exists in the imnediate vicinity 
of the three-dimensional rocghness. The latter case, of ccurse, is impor- 
tant in determination of the condition for which turbulent heat-transfer 
and skin-friction characteristics are obtained. At subsonic speeds, this 
interral in Reynolds nmber was fmnd to be very small; however, at super- 
sonic speeds some information has been o3tained indicating a larger inter- 
val in Reynolds number. 
are presented measurements of the position of fully developed tubulent 
flow behind a spherical roughness particle as a fuzlction of stream unit 
Reynolds number. 6 for various distances of the fully developed turbulent flow behind 
the roughness. 
of a loo included angle cone. A t  a surface Mach number of 1.90, three 
roughness heights were investigated. For each roughness height, the most 
downstream point indicates the minimum value of the roughness Reynolds 
number parameter at which the fully turbulent flow begins to move fcrward 
of the natural transition position. 
number, only a very small increase in 
transition position forward to within 1 inch of the roughness. 
surface Mach number of 3.67, a larger increment in 

In a paper by van Driest and McCauley (ref. 14) 
* 

These data have been converted in figure 7 to plots of 

The roughness was located 5 inches from the leading edge 

It can be seen that at this Mach 
i s  required to move the 

At a JRh. is required 
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between the  value f o r  the f i r s t  i n i t i a t l o n  of t rans i t ion  due t o  the  
roughness and the value fo r  f u l l  turbulence i n  the v i c in i ty  of t he  rough- 
ness. Although almost complete forward movement i n  t r ans i t i on  occurs 
w i t h  only a fac tor  of two increment i n  JRk at t h i s  Mach number, the  
trend between the Mach number of 1.90 and 3.67 indicates tha t  it may 
become increasingly more d i f f i c u l t  t o  f i x  t r ans i t i on  near roughness a t  
higher Mach numbers. More research i s  required t o  c l a r i fy  t h i s  possi- 
b i l i t y .  
p i l a t ion  of data  can be used t o  estimate the  maximum permissible three- 
dimensional roughness height that  w i l l  not cause premature t r ans i t i on  
on a i r c r a f t  i n  f l i g h t  i f  a value of near the lower boundary of 
the data i s  selected.  I n  wind-tunnel irivestigations with models of  air- 
c ra f t  o r  a i r c r a f t  components, I t  i s  sometimes desirable t o  locate  arti- 
f i c i a l l y  the posi t ion of t ransi t ion.  In  t h i s  case, use of three- 
dimensimal roughness elements selected on the bas i s  of a value of 

near the upper boundary of the experimental data should prove adequate. 
ShGuld t h i s  r e s u l t  i n  the  use of  pa r t i c l e s  la rger  than the minimum 
height required, careful  appiication of a sparse d is t r ibu t ion  of pa r t i -  
c les  t o  a ncrow s t r i p  w i l l  nin-hize the  drag contrib7Xicl-l of the  par- 
t i c l e s  therselves,  that is ,  the drag associated with thz r~ugbncss  
elerrents other than the increment due t o  the forward movement i n  
t Fans it i o n . 

A t  Mach numbers up t o  the  order of 4, however, the  present com- 

Rk,t 

Rk,t 

A flu-cher point t o  be made concerns the e f fec t  of lamlnar s t a b i l i t y  
on the l a t e r a l  spread of the turbulence behind a rowhnees pe-rt icle.  
Inasmuch as increased s t a b i l i t y  increases the extent of laminar flow on 
e. smooth surface, it might be expected tha t  increased s ta 'oi l l ty  could 
decrease the rate at  which turbulence behind a rollghness pa r t l c l e  prop- 
agates l a t e r a l l y  in to  the laminar surroundings. 
of infGfIU8,tiOil i s  availaSle on t h i s  subject.  tleasurexents 'I-ere z--de a t  
low speed of the l a t e r a l  contamlnation on a large sphere behind roughness 
located at  various posit ions where the location determined the degree of 
s t a b i l i t y  due t o  the favorable pressure gradient ( r e f .  10). Measurements 
were a l so  made a t  a Mach number of 2 on a f la t  plate  where the s t a b i l i t y  
'n'as increased 3y surface cooling ( r e f .  13). 
increase i n  laminar s t a b i l i t y  have any appreciable e f fec t  on the l a t e r a l  
spread of turbulence. For these experiments, however, conplete laminar 
s t a b i l i t y  was not attained. Additional research at higher Mach numbers 
m d  greater  axmunts of cooling vould be desirable.  

Cnly a limi+,ed amount 

I n  neither case did an 

A f i x a l  point t o  be emphasized concerns the e f fec t  on t r ans i t i on  
e 

- L  dis t r ibu ted  three-dirr,ensional roughness of various heights. For t h i s  
- f ~ ? ,  it i s  not the root-mean-square value of the surface roughness tha t  
f".7 ' ;e~Llnes the onset of xransition due t o  the roughness, but ra ther  the 
:c'lividual projections of marirmm height. These t a l l e s t  pa r t i c l e s  rea-h 
- A & -  c r i t i c a l  valae of roughness Reynolds number f i rs t .  ,. Because of the 



lateral spread of turbulence behind the roughness, a few strategically 
placed particles larger than the root-mean-square roughness can cause 
turbulent flow over most of a surface for conditions where laminar flow 
might be expected if only the root-mean-square value were considered. 

CONCLUDING REMARKS 

The transition-triggering mechanism of three-dimensional-type surface 
roughness appears to be the same at supersonic and subsonic speeds. I n  
either case, a Reynolds number based on the height OT the roughness and 
the local flow conditicns at the top of the roughness can be used to pre- 
dict with reasonable accuracy the height of three-dimensional roughness 
required to cause transition. 
roughness Reynolds number nor the lateral spread of turbulence behind the 
roughness is chmged to zny iqortant extent by increasing the laminar 
boundary-layer stability to theoreticaily snall disturbances. Therefore, 
for a given stream Mach number and Reyndlds number, surface cooling, 
boundary-layer suction, or a favorable pressure gradient will, in the 
presence of roughness, promote rather than delay trmsition. A favor- 
able effect of stability on permissible two-dimensional- tyge distilrbances, 
however, is possible. Further research on the value of critical roughness 
Reynolds number and on the interval in roughness Reynolds number between 
the initiation of turbulence and fdly developed turbulent flow in the 
vicinity of the roughness would be desirable at Mach nmibers greater 
than 4. 

Neither the critical three-dimensional 
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